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FOREWORD

This report covers work performed on Contract F33615-75-C=-1167
(P00010), Task No. 7021-01-68, for the periocd April 1979 to August

1980,

The investigation was conducted by the Commercial Products Division
Pratt & Whitney Alrocraft, East Hartford, Connecticut under tha
technical direction of Dr. H, A. Lipsitt, AFWAL/MLLM, Wright-
Patterson Air Force Basae, Ohio,

Dr, M, J. Blackburn was program manager and Mr. M. P, Smith was
the roesronaible engineer. The experimental assistance of Mr,
D:. R, Haase is gratefully acknowledged, Dr, J, C, Williame,
Carnegie~Mallon University, coordinated the electron microscope

studies on the gamma alloys.
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SECTION I
INTRODUCTION

Major advances in gas turbine engine technoloyy have been bascd
upon the development of improved nickel and cobalt base superalloys
and the conventional alpha-beta titanium alloys. The high
temperature properties of current titanium alloys have improved

to the point where the majority of compressors in advanced engines
utilize these lightwelght materials. Further extension of the

uss of lightweight materials to higher tempaerature gtructurea in
the turbine or afterburner sections of the sngine is highly
desirable, but as conventional titanium alloys have only limited
scope for further improvement, few new applications can be
anticipated, Extending the use of titanium base alloys may be
possible If a new approach is adopted., Investigations performed

in the mid-1950's by McAndrew and Kessler(l) at Armour Research
Foundation identified several unique characteristics associated
with the TiAl (gamma phase) of the titanium-aluminum system, In
particular, the intermetallic alloys were found to possess high
specific strengths at elevated temperatures, good oxidation
reslatance and a high mpecific modulus of elasticity, Unfortunately,
other characteristios such as uvssentially zero room temperatura
ductility, low impact strength and poor formabillity led to the
abandonment of this research, Similar studies of alloys containing
the Ti3al (alpha-two& gyaua ware conducted by McAndrew and Simcoa
in the early 1960'g (2,37, Again, attractive ealavated temperature
properties were found alongwith limited room-temperature ductility.

Design analysis and payoff studiesm conducted on these materials
have indicated significant welght savings would be possible in

a wide range of engine applications if adequate engineering
properties were developed, Turbine rotor waight savings from 20
to 40 percent (three to five parceant of engine weight) would be
achieved with widespread application of the titanium aluminides
in rotating hardware; wailght savings of up to 16% could be
achleved in engine applications to static structures such as vanes,
cases and bearing supports, Beyond the immediate and obvious
savings in engine weight, it is possible to translate theso
benefits into significant fuel savings with attendant effects

on operating coat.

Wwith the advent of more advanced technologies in physical and
process metallurgy by the early 1970's, it was decided to

reinitiate Btudies of alloys based on these intermetallic compounds,
During the past six years, Pratt & Whitney Aircraft has participated
in AFWAL/Materials Labouratory sponsored programs directed




toward the understanding and exploatation of alloys based on

both the TijzAl and TiAl phases. Contract F33615-C-75~1167 has
performed alloy and process development on Ti3zAl alloys; Contracts
F33615-C-74-1140 and F33615~C~75-1166 have conducted similar
development efforts on TiAl alloys. The goals in all programs
were to ildentify alloys from the base systems that exhibited
useful properties and develop processing methods. Results from
the first parts of these studies have been summarized in interim
reports issued during 1978(4,5) and 1979(6),




SECTION II

PROGRAM APPROACH

1. Introduction

The overall objuective of the program was to screen a restricted
range of alloys (TiAl and TijAl base) and processing sequences
with the best chance of yielding useful engineering materials.
The technical effort was divided into four tasks as follows:

YT

E _ Task I Alloy Definition/Trace Element
:f _ Effects

Task II Alloy Preparation and Processing

S R R e

E Tagk III Heat Treatment Studies

]

T Task 1V  Property Determinations

2 TE
-

A summary of the approach for each task is presented in the
oo following sections,

AT

2, Task I ~ Alloy Definition/Trace Elements

a. TizAl System

T ey o

: Previous Ti3zal alloy development efforts had shown that i
N Ti~Al=Nb alloys had the most promise for good tensile and B
; creep rupture properties(?). A1l indications were that a i

?% niobium content of l2~-15atomic percent provided the best property
; ' balance, as shown in Figure 1, and that some of the niobium

| in these alloys could be replaced by vanadium. Advantages

of such substitution include lower alloy density, more readily
avallable master alloys, and lower cost. The current program
concentrated on defining the properties of alloys with
compositions included in the shaded area of Figure 1. .
Additional exploration of the vanadium substitution ceffect was
also undertaken.

A C TR i s e

B AT e e

One of the inconsistencles in the previous titanium aluminide ¥
investigationa has been the poorer properties, specifically ]
room temperature ductility, that has been found in scaled-up j
alloys when compared with the smaller laboratory size heats. @
It has bean suggested that this difference may be traced to .
differences in oxyuen content between the materials., Therafore,
4 in thls program, a more systematic study was conducted to

‘- guantify any oxygen effect and provide guidance for specification

*Unless specifled, all compositions are given in atomlc percent
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Pigure 1

Room temperature tensile ductility (top no.) and
650C/379 MPa (1200F/55 kei) creep rupture life
(bottom no.) of forged plus solution treated Ti=-Al=-Nb
and Ti=-Al=-Nb-X alloys as a function of their alloy
content. The shaded area indicates the region
avaluated in the current study,

limits. For one selected base alloy, two additional ingots
with different oxygern levels were prepared to ussess the
influence of this element on processability and properties.
Hydrogen effects have also not been studied in Ti3Al type
alloys previously and, therefore, were included in the present
investigation.

TiAl System

Prior studies have shown that allcys based on the two phase

62 + Y aystem (46-50% aluminum) offer potential as useful
engineering material. The best combilnation of room temperature
tensile strength and ductility coupled with elevated temperature
creep rupture properties were found for an aluminum content of
48%(4), various alloy additions to this base were studied,
but the only useful ternary addition found was wanadium,
Additions of 1-2% were shown to improve tensile ductility,
especially at intermediate temperatures(4), vanadium did not
appear to influence stress-rupture properties to any large
extent, but small additions of carbon were shown to produce

an increase in rupture capability by a factor of up to six,

VTN U TP LK S




Consequently, the current program concentrated on the evaluation
of vanadium containing alloys, one of which was further modified
with a carbon addition. As with Ti3Al base alloys, very little

. is known about the effects of the interstitial elements oxyyen and

[ hydrogen on the properties of TiAl base alloys. Thus, a

: similar study to that undertaken for TiaAl alloys was included
for this class of alloys in this part of the program,

3. tTask Il - Alloy Preparation and Procesking

The melting and processing of TiiAl base alloys has developed to
the extent that conventional titanium alloy practice can be used.
Conventional techniques were employed to reduce the ingot

material to forged pancakes. Methods for producing large sactions
of TiAl are more rastricted but, in the past year, TMCA developed
affective procedures for large ingot melting., Production of
ingots, using these methods, followed by isothermal forging was
selected as the processing method for TiAl type alloys,.

4. Task III « Heat Treatment Studies

T et PRI o (B e % | R AT A T e |

&, Ti3Al System

A )]

N,

Heat treatment of TijAl bawe alloys can be umed to produce
gquite large variations in properties. The baest ductility at
low temperatures and the best creep rupture capablility is
produced by a beta solution treatment, but the cooling rate
from the beta phase field is also of crucial importancs., By
controlling the cooling rate to give a fine Widmanstdtten g
structure, the best property balance is achieved. The use v
of gquenching (and holding) at intermediate taeamperatures has 7
shown some promise of gliving koth the desired structure and 3
improved propertiem. Aging in the temperature range 700-900C
(1300-1600F) also had been found to increase ductility with

; some reduction in stress=-rupture capablility. As these latter

‘ two effects have been shown on large section sizes, thoy

have important practical implications and were further studiad

in this program.

Lt s

o

i b, TiAl System

All of the alloys studied in this program lie in the two phase

gamma/alpha=two phase field. However, the phase transformations
in thlis type of alloy are not clearly understood and, therefore,
a limited study to clarify the structures formed was undertaken

as part of this program.
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In the past, it has been considered that whan starting with

a forged product with an exquiaxed structure, the only major
variables were grain growth during solution treatment with

minor changes produced on subsequent aging. However, it has

been realized more r:cently that the acicular structures often
obsarved in castings and extrusions are formed by exposure to tem-
peratu:es about 1342C (2450F), probably in a beta phase

field, These acicular structures offer improved creeép .
capabllity in some alloys. Thus, a somewhat wider range of
solution treatments were included in the present program.

Task IV - Property Determinations

The main test methods have remained constant through all the
programs and include hardness, bend, tensile, creep-rupture, and
low oycle fatigue testing., However, in order to evaluate the
influence of interstitial elements, it was necessary to add notch
teating to the program, Noteh tensile behavior was evaluated

for oxygen contailning alloys to monitor any major change in
brittleness characteristics. Hydrogen effaects are usually time
dependent and are also more readily detected in notched specimens,
Therefore, room temperature notoch rupture tests, uploaded after
pre-determined time intervals until rupture occurs, wers employed
to study the influence of this element,

a . -7
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SECTION III

EXPERIMENTAL DETAILS

Task I - Alloy Selection

Alloy chemistries were chosen to cover the ranges of interest
previously defined in Section 2.2, Aim compositions for the
ten alpha=two and gamma alloys are listed in Table 1.

Task II - Alloy Preparation and Proceasing

Q.

Melting - Eight of the ten required ingotm were double consumably
vacuum arxc melted at the Henderson Technical Laboratory of

TIMET, Henderson, Nevada, The alpha=two ingmts were
approximately 10 ¢m (4 inches) in diamater by l8 cm (7 inches)
high and welghed approximately 7«8 Kg (15~18 1lba) (Figure 2).

The gamma alloy ingots were approximately 15 om (6 inches) in
diameter by 40 om (16 inches) high and weighed about 25 Kg

(55 lbs) (Figure 3).

The low oxygen content ingots were preparad in Pratt & Whitney
Alroratt laboratories using high purity electrolytic titanium
sponge, Eight 2.5 om (1 inch) diameter by 10 om (4 inch) 1long
drop castings were prepared for each alloy. Four castings were
welded together using AMS 4901 wire to form two primary
electrodes per alloy., These were then consumably melted in a
Leybold~Hereaus unit to produce a final ingot about 6 em (2.5
inch) in diameter by 15 aom (6 inch) long, weighing approximately
1l kg (2.2 lbes). A typical primary and final lakoratory ingot

is shown in Figures 4 and 5, respectively.

Ingot Evaluation - TIMET Material

Visual examination of the eight TIMET ingotw revealed ho surface
connected cracks,

Radiographic examination revealed the presence of a small
shrinkage cavity (pipe) about 1-2 cm (0.5-0.75 inches) round
near the top surfaces of the alpha-two ingots, The gamma
alloy ingots also exhibited this type of pipe shrinkage but,
in addition, the Ti-4BAl-1lV (V=-5767, V=-5768) ingots exhibited




Figure 2

As-recaeived TiiAl (alpha-two) ingots produced by
Titanium Metals Corporation of America,

Pigure 3

As-recelved TiAl (gyamma phase) ingots produced by
Titanium Metals Corporation of America.
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Figure 4

Primary electrode for MERL ingot consisting of four
drop castings welded together,

e

Figure 5

LT S e

Final MERL low lnterstitial vontent ingot cunsisting
of two primary electrodes meltoed together.
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Table 1 1
t
Alloy Aim Compositions Selected For Contract
F33165-75-C-1167 in Atomic % (Weight %)

i i (1) %
\ 'ype Al Nb v 0, Other ;
; Alpha Two 25.0(14.0) 14.,0(26.6) - 1000 ppm‘# max - -
- 25.0(14.0) 14.0(26.6) - 1500 ppm ;
3 25.0(14.0) 14.,0(26,6) - <500 ppm ;
: 25.0(14.0) 10.0(19.6) 4.0(4.3) 71000 ppm max - {
3 24.5(13.6) 13,0(24,8) - 1000 ppm max - %
%:‘ (2) 3
; Gamma 48,0(34,5) - 1.,0(1.3) 1000 ppm max 4
Y 48,0(34.5) - 1.0(1.3) 1500 ppm i
= 48B.0(34.5) - 1,0(1.3) <500 ppm 5
- 48.0(34.5) - 1.0(1.3) To00 ppm max 0.1(0.05)cC :

3 49,5(35.8) 0.5(0.7) 1000 ppm max -

(1) Balance Titanium

(2) Hydrogen added to specimens of this composition by thermal techniquaeas.

tho presonce of large "mottled" appearing areas, A section ¥
through the mottled area of V=5767 revealed that a conasiderable ;
amount of shrinkage or gas poroeity was preosent (Figure 6). i
The porosity was clean and did not appear to be surface connected. ?
The gamma alloy ingots V=5769 and V=5770 each exhibited cracking B
in the lower third of the ingot, although it was difficult to
determine 1f these were surface connected,

Chemical analysis of the alpha-two ingots revealed that the aim
cumpositions woere met with the exception of the high oxygen
content baseline chemistry ingot (V-5764). It was found to *
contain only 0.083 to 0.103% oxygen rather than the goal 0.15%
(Table 2)., Since the number of specimens required for the inter=-
stitial study was small, it was decided to attempt to replace

the V-5764 ingot with a smaller Pratt & Whitney Alrcraft melted L
Ingot, similar to that melted for the low interstitial content ‘
allony.

Composition of the gamma alloy ingots is given in Table 3. All
aim compositions wore met with the following two exceptions)
the high oxygen content lngot (V=5768) contained only 0.13%
oxyyen rather than the 0,15% aim, while V-5770 containod 4u%
aluminum rather than the 49,5% aim.

10 %
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Heat

v-5763

v=5764

v=5766

v-5810

(1) Balanca

Table 2

Actual Compositions of TIMET Alpha=Two

Alloy Ingots for Contract F33615-75-C-1167

Bamplo(z)

Type

Ingot
Forging
Aim

Ingot
Forging
Aim

Ingot
Forging
Aim

Ingot
Forglng
Aim

in Waight & (Atomic %) (1)

Al

13.8
13.6
13.5-1450
(25.0)

13.6
14.1
13.,5-14.0
(25.0)

13.7
13.6
13,3-13.,9
(24.5)

14.1

l4o°"14a5
(25.0)

Titanium

Nb

26.8
26,7
26.3‘2609
(14.90)

26.8
26.5
26!3'26!9
(14.0)

a5.0
25.3
24,4-45.1
(13.0)

19.5

19.3-19.9
(10.0)

4,23

4.0-405
{(4.0)

Fe

0.115
0.157

0.105
0.13

0.100
0.125

0.133

02

0.076
0.076
0.10 max

0.104
0.083
0.14-0.16

0.087
0.076
0.10 max

0.095

0.10 max

N2

0.009
0.010

0.007
0.009

0.006
0.008

0.008

(2) Ingot analysis conducted on turnings from top and bottom of ingot,
forgying analysis conductad on suctions of forged pancake.
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: ‘ Table 3

;- : Actual Composition of TIMET Gamma

S X N Alloy Ingote for Contract F33615+75-C~1167

: : ' in Welght & (Atomic y) (L)

i ; Sample

3 : Heat Type Al v Fe Q9 N, c

i v-5767 1Ingot 34.3 1,23 0,061 0.094 0.007 “

" Aim 34-0"3445 llo-lls 0.10 max

o (48.0) {1.0)

.

% v=-5768 Ingot 34,2 1.24 0,057 0.13 0.007 -

if" Ai“\ 34-0-3405 1.0-1-5 0.14"‘0-16

(48,0) (1.0)

‘\ v-5769 Ingot 34.8 1.23 0,088 0.101 0.008 0.028
3 Aim 34.0~-34,5 1,0-1.5 0,10 max 0.02~

y=5770 Ingot 34.6 0.64 0,060 0.099 0.006 -
Aim 35,8-36,2 0.5-0,8 0.10 max
(49 .5) {0.5)

(1) Balance Titanium

o mm—— Tt a o

ML e i



Ingot Evaluation - MERL Material

Visual and radiographic examination of the MERL melted ingots
revealed no cracking, only a small amount of shrinkage porosity
and pipe,

Chemical composition of the MERL melted ingots ls given in

Table 4, The attempt to melt the high oxygen content ingot

was unsuccessful and both ulpha-two ingots contained less than
0,05% (500 ppm) oxygen. Due to an analytical error, it was .
originally thought that the high oxygen contaent ingot contained '
0.17% O but, based on properties cbtainad, was reanalyzed and
found to be low in oxygen. For purposes of identification, the

two low oxygen alpha~two ingots will be designated L and S.

SRR TRT TREAAT

Bt pei o

¢, Hot lsostatic Pressing (HIP)

The TIMET alpha-two ingots and low interstitial content MERL
ingots were subjected to hot isostatic pressing (HIP) at llBoc/
103 MPa/3 hours (2160F/15 ksl/3 hours) in the MERL laboratory
unit, Subsequent re-examination by radiography revealed that
the shrinkage cavities had sealed and there were no detectable
subsurface voids, The four gamma alloy ingots were HIP'ed at
1204C/103 MPa/3d hours (2200F/15 ksl/3 hours) at Industrial

%‘ Materials Technology, 1lne,, Woburn, MA., Bubssquent radio-
graphic examination revealed that the porosity in the Ti-48al1-
1V ingots V-5767 and V-5768 had apparently been sealad. The
cracks in ingot V=5770 were no longer visible) however, the

:: carbon~containing ingot V=5769 still exhibited cracks., For-

b tunately, sufficient sound material was available to fabricate
the required tast specimens.

T E e T R e

d. Forging

Four TIMET alpha=-two ingots were conventionally beta forged !
into 3 em (1.25 inch) thick x 230 om (12 inch) diamater pancaken |
on open dids using the 1500 ton press at Wyman=-Gordon Company, |
Millbury, MA.,* The 10 om (4 inch) diameter x 18 cm (7 inch) ;
high inyots were upset 508 and redrawn at 1260C (2300PF) twice *
prior to finish forging. The resulting pancakee are shown in

I"Lgure 7.

*Includes V=-5764 which was not used in the program.
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Table 4

: Actual Compositions of the MERL
! Melted Ingots for Contract (1)
: F3361l5=75=-C~1167 in Weight & (Atomic &)

Ingott?) Al Nb v Fe 0t N,

Alpha-two A3.7 26,6 - 0.023 Q22 <0.,002

Baseline "L"

Aim 14.0 27.0 - - 0.15 -
(25.0) (14.0)

Alpha~two 11,7 26,2 - - 0.029 <0,002

Baseline "s" 14.0 27.0 - - 0,05 max -
(23,0) (14.0)

Gamma 34,5 - 1.2 - 0.021 -

Baseline

Low 02 34.0 - 1.3 0,05 max -
(48.0) {1.0)

{l) Balance Titanium

(2) Alpha=two ingot "L" was an unsuccessful attempt to make a

high oxygen content ingot,

{3) Average of four samples in all cases,

s
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Alpha-twe pancake forginags produced trom inhagots V=573, V=5704,
V=5810, and V-5760 by vonventional torging at 11500 (2loor),
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In the case of the gamma alloy ingots, cylindrical sections,
about 13 cm in diameter x 13 cm high (5" x 5") were machined
from areas which appeared to be sound based on the radiographs
and lathe turned in preparation for forging. Some unhealed

gas porosity was detected in V-5768 and a surface connected
crack was detected in V=5769 after preparation. Since the
cracking and porosity were not extensive, it was decided to
attempt to forge the sections, They were isothermally forged

on open dies using the 500 ton press at the Pratt & Whitnaey
Alrcraft Government Products Division (GPD) facility. The lathe
turned sections were forged to a 50% reduction at 1150C (2100F).
These upsets were sectioned and one of the halves finished
forged to 2.5 om (1l inch) thick at 1010C (1850F). <The resulting
pancakes are shown in Figures 8-ll, Areas of porosity are
vislble on the cut faces of the first upsets, indicating that
HIP was not totally successful in sealing porosity. Some
shallow cracking was apparent on the cut faces of the final
pancakes. They appeared to have been caused by opening up of
reslidual oracks from abrasive cutting. The three MERL melted
ingots were isothermally forged at the PWA~GPD facility. The
gamma alloy ingot was forged into a pancake shape in the two
ptep procedure outlined above. Some shear cracking occurred
during the second upset at an interface where two of the small
electrodes had been melted together, 1In order to avoid this
problem, the alpha-two ingots were side upset at 1150C (2100F)
in a one=-step operation.

3. Task III - Heat Treatment Trlals

Extansive heat treatment trials wers conducted using small sections
cut from the forged alpha-two and gamma alloy baseline composition
pancake forgings. In the case of the alpha-two compositions, the
following treatments were studied:

© A beta solution treatment followed by air cooling
and aging

© A beta solution treatment followed by quenching
into B15C (1500F) molten salt

© aAn alpha-two + beta solution treatment followed
by oil guenching and aging

Solution temperatures were mailntained at 14-28C (25-50F) above
or below the transus as required. Transus determinations were
conducted in a platinum tube furnace under an argon atmosphere.
Accuracy of the furnace is +3C (+6F). All other heat treatments
were conducted on oversize specimen blanks in an alr atmosphere.
The salt quenching medium was Swiftheat 1010 neutral salt.

17
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Figure 8

Isothermally fcrged TIMET gamma alloy ingot V=5767 (T1i=4BAl-1lv~.,1, ).
Right, after first reduction: left, forging after second and final”®
reduction., Note unhealed porosity on first upset.
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Figure 10

Isotharmally forged TIMET yamma alloy ingot V-5769

(Ti~48Al=-1V~-

.1C=,102). Right, after first reduction; left forging after final

raduction,

Pigqure 11

Isothermally forged TIMET gamma alloy ingut V=-5770
Right, after first reduction = noto porosity; left
socond and final reduction.

(Tl=4uAl-,5v=-.107),
forging atfter
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In the case of the gamma alloys, less was known about the heat
treatment/microstructure effects since in the previous development
program, the bulk of the data were for properties of as-forged
material. Speclmens of the three base alloys were heat treated

at 55C (l00F) intervals over the range of 982C (1l800F) through
L425C (2600F). These were conducted using the platinum element
tube furnace previously described. Heat treatment of mpecimen
blanks was conducted in ailr except at temperatures over 1260C
(2300F) , where argon was used.

Task IV = Property Determination

All heat treated specimens of both types of alloys were examined
metallographinally. The Vickers hardneas of each piece was also
measured. Following this, three heat treatments were selected

for threes point bend testing at RT, 150C (300F) or 260C (500F),

The bend specimens coneisted of rectangular bars about 30

mn long X 5 mm wide x 2 mm thick (1.2 x .2 x ,080 inches) cut

and ground using 120 through 600 grit SiC papers. The supports and
ram consisted of sapphire rods about 3,1 mm (,125 inch) in diameter,
The loading rate was .025 cm/em/sec (.01 in/din/min). If & specimen
was deformed to full deflection without cracking, it was denoted

a8 showing "plastlic" behavior,

Based on the results of the above tests, a heat treatment was
selected for each basic alloy composition for further mechanical
property testing., At this time, the maealected heat treatmaent for
the Ti-25A1l=-14Nb baseline and Ti=4dBAl=lV weres applied to forgings
with varying intermtitial contents., After the rectangular blanks
were heat treated, tengile (notched and semooth), notched rupture
and creep rupture specimens were machined using a combination of
nlactrodischarge machining (EDM) and electrochemical grinding
techniques. The specimaen cvonfigurations selected are shown in
Figure l2a-c¢, Except for the notched configuration, these speci=-
mens have been utilized in previous aluminide development programs.
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Figure 12

Mechanical property spoecimons used In this
investigation, Dimenslons are in mm (in.).
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SECTION 1V

RESULTS AND DISCUSSION

Alpha=Two Alloys
a, Heat Treatment Sgreening Trials

The primary objective of the alpha~two heat treatment study was
to obtain a Widmansti¥tten type microstructure of very fine
platelets within moderately large beta grains, All previous
indications showed thatthis microstructure can provide the best
balancae of high temperature creep resistance and room temperature
ductility, The average Viokers hardness aim was the 300-400 DPH
range as previous studies have shown that the room temperature
yieid strength is about 1/3 of the Vickers number. Therefore,

a range of 300~400 DPH would result in a room temperature yield
“trength around 695 MPa (100 ksi). In addition, it was decided
to investigate an alpha two-beta guenched microstructure with
higher hardnews to see if upeful ductility could be produced at
higher strength levels. Aging treuatments from 650C (l200F) to
Bl5C (l1500F) after molution treatment were selected for study,

The first step was to determline the beta transus temperatures
of the various alloys using metallographic techniquaes, Thesre
are listed in Table 5. It was noted that the beta tranasus of
the Ti~«25A1=10Nb=4V compnaition was about 28C (50F) lower than
the ternary Ti=25Al=14Nb cvomposition, indicating that vanadium
im a more potent beta stabilizer than niobium. The heta transus
of the two Ti-25A1-14Nb MERL maelted ingots (L and &) were both
about 55C (100F) lower than the comparable TIMET composition.
This was attributed to the lower oxygen content of the MERL
ingotes, It was at thils point that it becamo evident that the
attempt to produce a high oxygen content ingot had falled,

The entire series of heat treatments and regulting Vicvkers hard-
nesses are presented in Table 6. Metallographic examination
was conducted on all specimens but, due to the largye numbers,
only those heat treatments/microstructures selocted for further
ovaluation ara illustrated (Pigures 13-15)., After raviewing
the microstructure and Vickers hardness data, three hgyat treat-
ments per alloy ware selected for bend testing. Thead woere
beta annealing followed by malt quenching or air coollng plus
aging, and alpha two=beta polution treating followed by oil
yuenching and aging, as listed in Table 7. Three poiht ban
testing of the heat treated material wam conducted at room
temperature and 150C (300F), and the data are presented in
Table 8, It can be seen that all specimens, includiny oil
quenched, exhibited bend ductllity Iin excess of 2.0V at rog¢m
temparature. Many were in the 4-5% range, These values u'e

22
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: Table 5§

Beta Transus Temperatures For
Alpha Two Alloy Compositions Selected
For Contract F33615-75-C~-1167

Heat No. Composition Transus Temperature ©C (OF)
vV=5763 Ti-25A1-14Nb-.10, Between 1135-1150 (2075-2100)
MERL "L" Ti-25A1-14Nb-0.02502 Betwean 108B0-1095 (1975-2000)
MERL "s" Ti-25Al-14Nb-.0302 Between 1080-1095 (1975-2000)
v-5810 Ti=25A1=10Nb-4v-.10, Between 1105=1120 (2025-2050)
Vv-5766 Ti-24.5Al-l3Nb-.102 Between 1120-1135 (2050~2075)

considerably higher than earlier results for the Ti=-24Al-11lNb
alloy(8), Material which had been quenched into 815C (1500F) salt
had the highest ductilities for each composition., Rather than
salt quench all alloys, however, it was devided to evaluate
solution treating followed by air cooling and aging for the
V=-5766 composition since it was very similar to the baseline
Vv-5763 raterial. While salt gquenching appears to be the best
procsdure for avolding the cooling rate/property sensitivity

of the alpha two alloys, salt quenching may be impractical for
very large structures or for applications where no subsequent
surface machining is conducted, e.g., 4 blade or vane, £

PR3 U THS

Material subjected to the selected treatments (one per alloy)

was subseguently bend tested at 150C (300F). These data are also
shown in Table B and indicate that little difference in ductility
exists between theo room temperature and 150C (300F) tests for

the ternary Ti-Al-~Nb (V-5763, Vv-5766) alloys. However, tho
V-5810 Ti-Al=Nb=V alloy exhibited a 30% increase in ductility

over room temperature and could be plastically deformed to the
limit of rig travel., This tends to verify previous data which
indicated that vanadium additions seemed effective in improving
intermedinte temperature ductility.

TR

The alpha-two=baeta treatment, while ylelding 2.3-2.8% room E
temperature bend ductility was dropped from further consider- ’
ation because of the tendency to quench crack, and the ductili=-
ties measured were too low (we will Beve later that the tensile !
ductilities of beta processed material were not very high at
amblent temperatures). The following three heat treatments
were saelacted for tensile and creep-rupture evaluatlion:
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v 103) gulectaed for bend tegting,
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Microstructure of forgyed and heat troated alloy V5410 ('i=~25A1=10Nb~
4V-.102) relected for bend testing,

Row a) 113% (2075)/1/8Q+815 (1500)/.5%/AC
Row b) 1135 (2075)/1/AC + H15 (1500)/H/AC
Row <) 1135 (2075)/1/FAC + 81Y% (1500)/1/AC
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Table 7

Heat Treatmants Selected
ror Bend Test Evaluation
0f Alpha=-Two Alloy Forgings

Alloy Heat Trcatmuntl(l). oc(om) Avg. DPH Hardness
V=5763 1162(2125)/1/8Q+815(1500)/.5/AC 366
(T1-25A1-14Nb-.103) 1162(2125)/1/AC + 815(1500)/8/AC 319

1162({2128)/1/FPAC + 815(1300)/1/AC 32
v=8766 1150(2100)/1/89*815(1500)/.5/Ac 376
(Ti-24.5hl-l3Nb-.103) 115052100)/1/AC + B15(1500)/8/AC 315
1095(2) (1978)/1/0Q + 760(1400)/1/AC 412
v-8810 1135(2078)/1/8¢*815(1500)/. 5/AC 363
(Ti-i$kl-l0Nb--dV-.10 ) 1135(2078)/1/AC «+ 815(1800)/8/AC 138
113%(2075)/1/FAC + 818(1500)/1/AC 158
(1) AC = Adr cool, still air
FAC = Fan alr cool
8Q = Balt quench
Q0 = 04l quench

(2) Adjusted to increase G, phase content,
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Heat No. Composition Heat Treatment ©C (OF)

V=5763 Ti~25Al—l4Nb-.102 1162(2125)/1/8Q»815(1500)/.,5/AC
V-5766 'I‘i--24.5Al--13Nb-.102 1150(2100)/1/AC + B1l5(1500) /8/AC
v-5810 Ti-ZSAl-lONb-4V-.102 1135(2075)/1/8Q+815(1500)/.5/AC

Rectangular blanks, about 75 mm (3 inches) lohg x 40 mm (1.5
inches) square, wara cut from the pancake forgings for heat
treatment to provide tha necessary specimens. The smaller
MERL ingots waere blanked and heat treatud in a nsimilar manner
as V-5763.

b. Taonsile Testing

Tensile data for the alpha-two uwlloys are presented in Table 9
for spacimens fabricated by Pratt & Whitney Aircraft and tested
by the Air Force Materials Laboratory. The results may ba
summarized as follows:

= Room temperature yleld and ultimate tensile straengths of the
three major compositions (TIMET material) were not significantly
different, although the vanadium zontaining alloy was about 70
MPa (10 ksi) lower in strength than the ternary alloys., All
alloys were stronger than the?700 MPa (100 ksi) yield strength
goal.

- Room temperature percent elongation of the ternary alloys was
about one percent higher (2,1=2,8%) than the 1=-8-2,0% values of the
vanadium containing alloy, but reduction in area was about a
percent higher in the case of the latter alloy.

- Both strength and ductility tended to geak at 427¢/800F, This
has been cobserved in previous studies(9),

- The lower oxygen content of the MERL ingots "L" and "8" recsulted
inl40-210 Mra (20~30 ksil) lowar 0.2% yield strengths than
V-«5763 at room temperature. The similarity of the ultimate
strengths are due to the ductility differences, At higher

temperaturos, the yiold strongth differunces are still evident.

= The lower oxygen content MERL ingots "L" and "S" showed a
gignificant 2-3:1 inocrease in room temperature and 260C (500F)
tensile ductility compared to the (V-=5763) basaline mataerial;
at higher temperatures, there was no discernible effect.

Thewe data indicate that the selection of high purity titanium
saponge can play a large role in improving ambient and inter=-
mediate tamparature ductility in aluminide alloys.
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Notched tensile test data are presented in Table 10, The base-
line (V-5763) specimens had an average notched tensile strength
of 648 MPa (94 kei) which gave a notched/smooth strength ratio 1
of 0.7. Specimens from the low oxygen content material (MERL ;
ingot "L") had an average notched strength of 766 MPa (11l1.6
k8i). The notch/smooth ratioc in low oxygen material was 0.8,
! reflecting the somewhat higher duoctility. Notched tensila

\ strength of Vv=-5763 material which had been thermally charged
i with 200~235 ppm of hydrogen prior to heat treatment had an

' average notch strength of 770 MPa (11ll.7 ksi).

e

¢, Room Temperature Notched Btress Rupture

These tests were conducted by step loading notched tensile
specimens which is a standard method of evaluating hydrogen
effects. The initial stress was 414 MpPa (60 ksi) and this was
increasaed 70 MPa (10 ksli) every five hours, Testing was limited
to baseline (V-5763) material in the as-received (70«90 ppm H32)
: and thermally hydrogenated (200-235 ppm H2) conditions. Test
. resultes, shown in Table 1ll, revealed that increased hydrogen
B vontent reduced rupture life, Baseline tests ran 30-40 hours
L with a final rupture stress of 828-965 MPa (120~-160 ksi), while
i the hydrogen charged specimens ruptured in 25 hours at a stress
of 690 MPa (100 ksi).

d. Creep Rupture

i Creep rupture tests were conducted using specimens from the
i three major TIMET compositions, Interstitial variable material
A was not tested Bince no previous indications of strong oxygen

! effects at slevated taemperature had been obsexrved, Tests ware

: conducted over the potential application rangs of the alpha two
alloys, i.ae., from 593C (1100F) to 8L5C (1l500F). The data
showing time to 1% creep extension and rupture are given in
Table 12 and pressnted on a Larson=Miller format in Figure 16,
There is no major difference in time to rupture lives for the
three alloys although the vanadium containing (V=5810) material
appears to be about 14C (28F) lower in rupture capability, The i
same marxgin also existed in time to one pexcent creep extension,
g For comparison purposes, various other alloys were plotted on

3 the Larson-Miller graph., These included beta annealed Ti-6Al=~
28n=~42r-2Mo (Ti=6242) which has the highest creep strenth of

the commercially used conventional titanium alloys, and two

cast nickel base alloys, Waspaloy and Inconel 713C. It can be
seen that the alpha two compositionsexhibited nearly a 11l0C
(200F) advantage in life to 1% creep and to rupture over the
mi-6242, 1In comparison to the nickel alloys, the alpha two
compcsitions were nearly equivalent to Waspaloy but about 55C
(100¥) lower in capability than the Inconel 713C plotted on a
density corrected basis.
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Table 10

Effect of Interstitial Elements on
Room Temperature Notched (Kt=3,9)

Tian it e nini

§ Tensile Strangth of Ti-25Al=-14Nb Alloy ;
3 : Average K
M Heat/ Interstitial Content, ppm Tensile Tensile Str. J
ks Identity cCondltion H2 02 Str. MPa (Ksi) MPa (Ksi) %
s
k) V-5763  Baseline'! 70-80 760 583 ( 84.6) 648 ( 94.0) E
H V-5763  Baseline 70-30 760 712 (103,3) |
‘ MERL "L High o, (¥ 70-90 100 762 (110.5) 766 (111.6)

MERL "L" High O, 70-90 400 771 (111.8)

v-5763  Basaline + H, ' 200-235, 760 811 (117.6) 770 (111.7)

v-5763  Baseline + H, 200-235 760 729 (105,7)

(1) Specimaens machined from conventionally forged pancakes and heat treated at 1160C
(2125F)/1/salt quench to 815C (1500F)/.5/AC.

(2) Isathermallx forgad laboratory scale pancake given baseline heat troatment. An :
unsuccassful attempt was made to get 1500 ppm oxygen. \

1]
(3) specimens machined as in (1), charged in Slevart's apparatus, then given basaline
heat treatment,
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Tablae 11

Room Temperature Notched (Ktw3,9)
Stress-Rupture Strength of
Alloy v~5763 (Ti=25Al~14Nb)

Final Stxell(a)
Condition Hours To Rupture MPa (Ksi)
Baseline‘? 30.4 828 (120)
Baseline 40.1 965 (140) '
H, Charged'? 25,0 690 (100) '
H2 Charged 25,0 690 (100)
(1) Baseline Heat Treatment - 1160C (2125F/l1/salt quench

Bl15C (1500F)/.5/AC

{2) Charged to 200-235 ppm Hy in Sievert's apparatus, then
given baseline heat treatmant.,

(3) Initially loaded at 414 MPa (60 ksi), load increased
70 MPa (10 kusi) every five hours.
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This report summarizes the final year of the alleoy development
effort initiated in 1975 at which time certain property goals

were set. Simply stated, these weru tensile properties equivaloent
to beta processed Ti-6242 and density corrected creep rupturc
properties cqgual to IN713C, Low oxyygon alloys of the type studived
during the current yeuar meet the [irst gual, but the creep pro-
perties fall short., Houwever, especially at higher temperatures,
the property levels measured reprement a significant improvement
over the T1-24Al-11lNb alleys studied in earlier years and are
adaquate for many of the potentlal applications of this alloy
typs. Interstitial element effects parallel quite closely the
behavior pattern of conventional alpha beta titanium allovys.

High hydrogen levels cause prumature crack nucleation and growth
in severely notched locations; experience has shown that such

behavior is usually accompanied by low lives under cyclic stressos.

Such undesirable offects are typically controlled by the enforce=-
ment of tight specification limits, Oxygen additions also have
#imilar effectns to that observed in alpha beta alloys. High
levels lncrease ntrength at the expense of low temperature duce
tility, again, a tendency paralleled by conventional alloys.
Although the strength differential decrvases at intormediate
temperatures, it does porsist over the ranye of tast temporaturoes
studied,

In summary, the alloys of the typo Ti~25A1=13,5Nb exhiblt mocha-
nical properties which indicate that a useful ehygineering
material has beon ldentlfied. Oxyygyen contonts of V0,05 could
improve amblent tempoerature ductility proportics and thus aid
genoral handleabllity., It ls cloar that niobium may bo replacved
by vanadium, at leoast to tho 4% level, with no sacrifice in
mechanical propurties. The limits of such replacoemeant are not
known and further, the effect of quinary additions such au
molybdenum, a yet more potent beta stabiliver, would also be of
interest but were boyond the svope of the present program, Con-
siderable additional information is necded to build on the present

base before componants cvan be desiyned and ongine tustoed. Prosent
contractual efforts will gou a lony way touward fulfilling thesc
requirements by generating tho propoerty information nceded to:

design purporus,
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Gamma Alloys
a. Heat Treatment Screenlng Trials

Previous alloy development studies involving gamma titanium
aluminide aisloys have concentrated on material in the as-forged
condition due to the limited avallability of material and large
numbers of compositions evaluated. Thus, less was known about
the heat treatment/microstructure/property response of these
alloys at tho outset of the present work.

A brief ltudg conducted on a forged and heat treated Ti=50Al=-1W
componitlon( ) showed that forging temperature had a strong
influence on tensile and yleld strength but little effect on
ductility, PForging at 1010C (1850F) resulted in a 20-30%
increase in strength compared to forging at 1093C (2000F). (The
higher temperature had been used on all previouas work.)

Solution treating at 1204C (2200F) and aging at 815C (1500F)
lowaeraed strength, increased ductility and eliminated most of the
strength variations resulting from the different forging tem-~
paratures, Creep rupture life of heat treated material in=
creased 3=4 told over that of forged material and the largest
inorease was measured for material forged at the lower tem=-
parature of 1010C (1850F). Direct aging at 8l5C (1500F) lowerad
strongth slightly from the forged condition and preserved the
differences between the forging temperatures, Creep rupture
lives were poor, however, compared to those on the forged ar
solution treated and aged condition,

Other Btudies conducted at Pratt & Whitney and the United States
Alr PForce indicated that solution treating at very high tem=-
paraturaes approaching 1370C (2500F) resulted in an acicular
microstructure in most alloys. A significant inorease in creep
rosistance for such structures was measured, but there was a
loss in tensile ductility at temperatures up to about S53EC
(1o000F) .

Using thesoe available data as a starting point, test coupons

from the three major composition variations (V-5767, 5769,

5770) waere solution treated at 55C (l00F) intervals over the

range 982-1425C (1800~-2600F), While not all of the microstructures
can be shown due to space limitations, the behavior of the three
compousltions was similar., Photomicrographs depicting typical
microstructures are shown in Figures 17 (a=-y)., It can be seen
that,in the range 982C (1lB00F) to 1260C (2300F), the micro-
structure consisted predominantly of an equiaxed gamma phasa,

but the yrain size increased from an ASTM value of 7-8 to
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ASTM 3-4. A small amount of alpha-two phase was alaso present,
becvoming more readily detectable as the grain size coarsened,
At 1315C (2400F). all alloys showed a surprising reversion to

a fine grain size in the ASTM 7-8 range, although with occasional
areas of coarser 5-6., At 1370C (2500F), this phenomena was
Btill apparent in V-5767 (Ti-48BAl-1V-,10,) and v-5770 (Ti-48BAl-
0.5V=,102) while alloys V~5768 (Ti-48Al-1V-,1302) and V-5769
(Ti~48A1l=1V~,1C~,102) exhibited full acicular microstructures.
At l425C (2600F), all alloys were fully acicular, At first, it
was difficult to understand how a grain size could become
smaller as solution temperature increased instead of a gradual
increase until a full acicularity occurred, A transmiassion
electron microscopy (TEM) study was conducted, and it is now
conaldered that a kinetlc effect may have been involved., PFig-
ure 18 shows the major changes found in the thin foil study which
may be wsummarized as follows. At temperatures up to 2300F, a
two phase structure is evident with little or no substructure
in the alpha two phase (Fiyura l8a). When the solution treat-
ment temperature reaches 1315C (2400F), the character of second
phase regions become two phase with a lamellar structure. It
is probable that this results from transformation of the beta
phase during cooling from the solution treatment temperature.
Thus, we may conglude that the alpha-two phase is only a minor
impediment to grain growth but that the beta phase is more
effective in pinning grain boundaries. As the solution treat-
ment temperature is inorsamsed above 1315C (2400F), the amount
of beta phase increases until, at 1425C (2600F), this is the
only constituent present, On cooling, the phase transforms

to the lamellar alpha two/gamma structure (Figurel8b) although
the precise features of this tranaformation are unclear.

The apparent grain size anomaly, noted above, may now be explained
as follows. If a specimen is inserted into a preheated furnace,
formation of the beta phase may ba sufficiently rapid to prevant
substantial grain growth, This has been proved by a subsequent
expaeriment performed as follows., Samples of V=-5767 (Ti-4BAl-1lV=-
«103) woere heated to 1150C (2100F), and equilibrated, and heatcd
gelowly at 110C (200F) hour to 2500F., The resulting micro-
structure (PFigure 19) was equiaxed and coarse grained with an
ASTM grain size of 4, By heating Blowly, it was apparent that
the gamma phase mtarted coarsening and the subsequent formation
of the beta phase was too late to prevent grain growth.

Based on these studies, specific heat treatments were selected,
applied to specimens and evaluated. Vickars hardness data
measured after the treatments are shown in Table 13. Hardness
did not vary much with heat treatment values being virtually
independent of solution and/or aging temperature, at least
until the beta transus was exceeded, The specimens with an
acicular microstructure were about 20-30 points harder than
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ecquiaxed structures. ln most cases, aging at 81l5C (1500F)
vaused hardness to increase slightly. After raviewing the
metallography and hardness results, which are listed in Table
11, thice heat treatments were selected for bend testing. Thu
objuctives were to btest a fine grain equiaxed structure (ASTM
9), a coarse grain (ASTM 3-5) equiaxed structure and a structure
with transgformed beta phase present, although it was felt that a
fully aclcular, very large grain size microstructure would
probably be too brittle for practical consideration, To achleve
a partially acicular microstructure, the bend specimens were
heat treated 28BC (50F) below the limit of the single phase

beta fleld. The resulting microstructures of the heat treated
bend gpecimens are shown in Pigures 20-22 and room temperature
and 260C (500F) bend test data are presented in Table 15,

Tho rangoe of bond ductility was from 1l-2% and showed only minor
variations with hecat treatment for all three alloys., Sone
obgorvations can be made, howaever, PFirst, the ductility of
dgolution healt treuted mpeclmens was slightly higher than aas-
forgoed aspocimens in all cases, Second, the ductility of the
as-forgaed low oxygenh content Ti-4BAl«lV ingot was nearly 50%
higher than the baseline V=5767 compowition, Third, the V~5769
carbun containlng 11-48A1-1V composition ahd the best ductility
of all compositions at nearly twice the strength lavel.

Solovtion uf heat truvatments four tensile and creep rupture

testing covernad a slightly different range of heat treatments

for thoe various composltions, This waa done partly to expand

our khowledye of heat treatment/microstructure/property response
In gamma systems, The base composition, Ti-48Al-1lv-.102 (V=5767),
the alloy T1-48A1-1v=,1302 (V=5768) and the alloy 1i-48A1l-1Vv=,0302
(MFERL mall) were solution treated at 1150C (2100F) followed by
aging at H15C¢ (1500F), fThe T1i-4BA1=0,5V=0,102 (V=5770) com=
posltion was dircetly aged at 815C (1%500F), while the V=5769

carbonp containbig compositlion was given high temperature solution
treatment ot 1315 (2400F) followed by an 815C (1500F) age to
dubieve o mivrostructure with some acicular phase.

Tennile Testling

HYmooth Lenwslle data are glven in Table l&, As before, the
specimens were supplied by Pratt & Whitney Alrcraft and tested
al. the Alv Force Materials Laboratory. The following conclu-
Blions woere roached after studying the test dataq

The T1=-4HA1=1V=-,102 (V=5767) compusition was low in strength
and had only about half of the ductility previously measured
on laboratory scvale as=-foryed pancakes.
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- Increasing the oxygen content to 0.13% (V-5768) resulted in

about a 140-175 MPa (20~25 ksi) increase in yleld and ultimate
strengths with no change in ductility. The low oxygen content
MERL ingot showed a measurable increase in ductility, especially
reduction in area, at room temperature and up to about 538C
(lL000F). Yield and ultimate strengths of the low oxygen

content ingot were about midway between those of V-~5767 and
Vv-5768,

- Direct aging at 815C (1500F) of V=5770 (Ti=-48A1-0.1C-,.103)
resulted in essentially equivalent properties compared to
Vv~5767 (Ti-48Al~1V=,102) which had been solution treated and
aged,

= The V=5769 (TiLi-4B8Al-lV=1C~,103) propertiss wsre comparable
in strength and ductility to those of the high oxygen content
V=5768 material even with the higher solution treatment and
somi-acicular miorostructure. 'This alloy was judged to have
the best overall combination of strength and ductility.

Notched tensile data of heat treated specimens are given in

Table 17. PFor tha baseline alloy, the average strength was

209 MPa (29 kaili)., Thus, tho ratio of notohed to smooth strength
was 0,62, Both high (V=5768) and low uxygen content compositions
sxhibited notch strengths higher than baseline but gave calcu~
lated notoch/smooth strength ratios of 0.72 and 0,80, respectively.
The latter value probably reflects the somewhat higher ductility
level of the low oxygen material. The baseline V=-5767 spacimens
which had been thermally treated in a hydrogen atmosphere
Sievert's apparatus had a notched strength of 304 MPa (44.1

ksi) which gave a notch/smooth ratio of 0,65,

Room Temperature Notched Rupture

Room temperature notched rupture testing was conducted using

the baseline V=-5767 heat before and after attempts at hydrogen
charging in a Sievert's apparatus, Chemical analysis showad

28 ppm and 20 ppm for thoe base and charged specimens, respaectively.
The specimens were initially loaded at 103 MPa (15 ksi). The

load was stepped up 70 MPa (10 kmsi) every five hours until

rupture occurred, The data (Table 18) showed that the rupture
lives and stresses were esquivalent for both sets of specimena,

and confirmed that the gamma alloy did not absuvrb any hydrogen.

Creep Rupture

Creep rupture data for the three alloy compositions are given
in Table 19 and plotted in a Larson Miller format in Figure 23,
The carbon containing alloy (V=5769) appears to have nearly a
42C (75F) advantage in life over the V-5767 baseline alloy.
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Table 17

E ffect of Interstitial glement Content

on the Room Temparature Notched (Ktns.i}
Beaile Strength of Ti-48AL-1v Alloy!
\

Interstitial v Notched

Heat Content, ppm Tgnlilu Strength
Identity H2 032 MPa {Xsi) Average

v-5767 -
{Basaline) 28 900 221 (32.1) 206 (29.0)
MERL Ingot
tow Oxygen 30 300 338 (49.0) 238 (49.0)

V=5768 319 (46.2) 362 (52.5)
High Oxygen 25 1300 405 (58.8)

v-5767'3 S
Hiydrogen 20 900 304 (44.1) 304 (44.1)
Charged

(1) Heat traeatment 1150C (2100F)/1/ + 815C {1500r) /8/AC

{2) Baseline heat treatment after thermal “2 charging
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Table 18

Effect of Hydrogen Charging

1
:é on the Room Temperature Notched (Kt=3,9)
3 Rupture Properties of Ti=4B8Al-1V
2 Final (R)
v Heat Hydrogen Content, Time To Stress, MPa
Jdentity ppm Rupture, Hrs., (Ksi)
V=5767 28 15.1 310 (A9)
Basaline 28 15.1 310 (45)
v-5767 (1) 20 14.6 241 (35)
H2 Chaxrged 20 17.5 310 (45)

(1) Exposed in Sisvert's apparatus and given baseline heat treatment,
1150C (2100F)/1/Axgon Cool + 818C (1500F)/8/AC.

(2) Initial mtress 105 MPa (15 ksl) inoreased 70 MPa (10 ksi) every
five hours.
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FIGURE 23
Time to 1% creep =loncation and rupture for forged and heat ireated gamma alloys compared

to Inconeil 713C.
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The advantage was closer to 55C (l00F) when compared to the

V=5770 alloy. This probably is a result of the fact that

vV-5770 (Ti-48A1~0.5V~,103) was direct aged at B815C (1500F) and

not gsolution treated. As discussed in the haat treatmeunt section,
direct aging at this temperature results in lower creep life.

For comparison purposes, the cgreep rupture life of a cast niockel
base alloy, Inconel 713C, is plotted on a denslity corrected basis
in Figure 23, It can be seen that the V=-5769 specimens approach
the life of this cast nickel base alloy when compared on this
basis.,

It may be perceived that the present stage of developmant of the
gamma alloys is less advanced than the alpha two type aystenms.
Both the processing difficulties and the somawhat low tensile
proparties point to areas in which improvements are needed bafores
widespread application could be contemplated. Cracking and sxten=
sive porosity in some of the ingots was unexpected, although
material produced submseguently has not exhibited the latter pheno-
menon. It was initially considered that the vanadium addition may
have heen responsible for the porosity in some unknown way but too
high a helium partial pressure during melting is a more likely
explanation, Although the porosity was virtually eliminated by
subsequent isoastatic pressing, it is possible that residual defects
¢ould have influenced the mechanical properties of the alloys
(limited fractographic analyses of failed apecimens has failed to
vonfirm the speculation to date).

The tensile properties measured on the various alloys wera not

as good as anticipated from laboratory heat data., However, we

may note that these sactionas were probably the largest processed
and evaluated in the overall program, and scale~-up problems should
not have beon a surprise. Roth strength and ductility tended to

be low, although the data base with which comparisons could be

made was rather restricted. The absolute values of the uniform
elongation were probably the best set of data that hasm been
reported to date, but higher values wers anticipated at temper-
atures above 260C (500F). The influence of oxygen was not dramatic,
Btrength levels increased with oxygen and duoctility, especially

the raduction in area values, tended to be small at low temperatures.
However, oxygen had virtually 10 effect on the notch tenmile
strength ratios of 0.8 baing neasured for hoth the low and high
oxygen heats. The influence of heat treatment on properties is

also not clear from this study as a chemistry variation (carbon
addition) was included together with heat treatment at higher tem-
peratures, The properties of thia alloy msolution treated in the two
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phase (B +Y) raeagion appear genaerally attractive. As the

nature of the transformation in theme alloys has become clearer,
an option that could he useful would be to add mora beta
stabilizer (V, Mo, etc.) to reduce the transformation tem-
parature to V1150C (2100F).

-k ——6{!:5#&!’1'"33

St

Creap rupture properties of the alloy series were relatively
constant although the carbon containing alloy displayad

improved vapability. Equivalence with IN713C (on a density
corracted basis) is all that is required for the initial
component program for these alloys, the construction and test

of JT9D low pressure turbine blades, Earlier work on con~

tragt F33615-75-C~1166 has shown that should further improvements
be needad, both higher sclution tempesratures and/or the addition
of tungsten can be used,
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SECTION V

SUMMARY AND CONCLUSIONS

1, Based on the test data obtained in the current contract, the
major £indings may be stated as follows.

2. Alpha=Two Alloys

© Beta forging of large ingots of these alloys using conventional
titanium alloy practice was demonstrated,

© of the three alloys studied, no one composition showed any
significant advantage when heat treated to a fine Widmanstatten
microstructure, Ternary Ti=-Al=-Nb compositions were slightly
bestter than the Ti-Al=Nb=V alloy, but not enocugh to sliminate
the latter from consideration as a useful engineerxing material,

© Interstitial effects were found to parallel behavior of con-
ventional titanium alloys; increased hydrogen levels raduced

notched rupture strength and higher oxygen content lowerad
ductility and increased strength at low and moderate temperaturos.

When oxygen content was raised from 0,03 to 0,13%, the beta
transus temperature was increased 55C (l00F),

© Room temperature tensile ductility of Ti=-25Al-14Nb specimens
contalning <500 ppm oxygen was mora than twice that of similarly
processed Ti-25Al=-14Nb specimens with 800~1000 ppm of oxygen,

© fThe original goals established in 1975 were to develop a material
equivalent in tensile properties to beta processed Ti-6Al=28n-
4Zr=-2Mo with creep properties eyguivalent to Inconel 713C. The
first goal was met, but the current alloys fall short of the
sacond, However, the property levelas represant very significant
improvaments over the original alloys studied.

[

Gamma Alloys

© The #tate of development of the gamma intermetallic compounds
in less advanced than for alpha-two alloys as reflected in the
procesmsing diffioculties eancountered.

© A systematic study of the heat treatment/microstructure relation-
shlp was performed and the grain growth behavior of forged
material explained.
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© The tensile properties were lower than anticipated based on
previous data from laboratory heats. It is possible that

the unhealed ingot defects contributed to the low ductility
values,

. The measured effect of interstitial elements was not graat in
b the gamma alloys. Hydrogen could not be charged into the

N material and increased oxygen content caused only a slight
increase in strength and decrease in ductility,

O (reep-rupture properties were enhanced by small carbon addi~
tions and/or by using a high solution temperature resulting
in some acicular transformed structure. This alloy was
essentiully equivalent to Inconel 713C in creep resistance.

o

Properties of the Ti-48Al=1lV alloys appear to be adequate for

production and testing of JT9D turbine blades in a current
ManTech prograr,
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